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Abstract :  Rock deformat ion t ex tu res  and s t r uc tu res  found i n  and around 
f a u l t  zones a re  a powerful p o t e n t i a l  source of in fo rmat ion  on t h e  ear th-  
quake mechanism. I n  p a r t i c u l a r ,  deeply exhumed anc ient  f a u l t  zones and 
those w i t h  a la rge  f i n i t e  component of reverse d i p - s l i p  may prov ide 
in format ion on t h e  macroscopic f a u l t  mechanisms and associated processes 
o f  mineral deformat ion which occur a t  depth. One maJor t a s k  i s  t o  
I d e n t i f y  w i t h  which p a r t s  of t h e  earthquake s t r e s s  c y c l e  p a r t l c u l a r  
features a re  re l a ted .  

A methodology f o r  b u i l d i n g  up a conceptual model of a major f a u l t  
zone i n  quar tzo- fe ldspath ic  c r u s t  i s  i l l u s t r a t e d  mainly by reference t o  
f ie ld- based s tud ies  on t h e  Outer Hebrides Thrust  i n  Scotland, and t h e  
Alp ine Fau l t  I n  New Zealand. The shortcomings of t h e  method, and some 
of t h e  main unanswered quest ions a re  discussed. 

( 1 )  INTRODUCTION 

Standard techniques for  i n v e s t i g a t i n g  t h e  mechanism of earthquake 
f a u l t i n g  inc lude t h e  ana l ys i s  o f  seismic rad ia t ion ,  geodet ic observat ions 
around f a u l t  zones, cons idera t ion  of t h e o r e t i c a l  f a u l t i n g  models, and 
laboratory  experiments on t h e  deformat ion and f r i c t i o n a l  s l i d i n g  character-  
i s t i c s  of rock specimens. There a re  shortcomings inherent  t o  a l l  these 
methods. For example, te lese ismic  observat ions y i e l d  in format ion on t h e  
changing s t r ess  s t a t e  i n  t h e  source reg ion  but  n o t  t h e  absolu te  s t r ess  
values, t h e  i n t e r p r e t a t i o n  of geodet ic observat ions and cons t ruc t ion  of 
t h e o r e t i c a l  f a u l t i n g  models necessar i l y  i nvo l ve  gross s i m p l i f i c a t i o n  and 
i d e a l i s a t i o n  of c r u s t a l  s t r u c t u r e  and p rope r t i es  less t h e  mathematics 
become over-complex, and t h e r e  a re  severe s c a l i n g  problems i n  r e l a t i n g  
short- term deformation experiments i n v o l v i n g  minute displacements i n  small 
homogeneous specimens t o  t h e  na tu ra l  environment. A l l  t h i s  a t  a t ime  when 
t h e  essen t i a l  heterogenei ty  of f a u l t  zones and t h e  f a u l t i n g  process i s  
becoming more and more apparent (e.9. Aki, 1978). 

The s t r uc tu res  and deformat ion t e x t u r e s  o f  rocks found i n  f a u l t  zones 
form a t a n g i b l e  complementary source of in fo rmat ion  on f a u l t i n g ,  as y e t  
l a rge l y  untapped. I n  p a r t i c u l a r ,  we should be ab le  t o  increase ou r  under- 
standing o f  deep-level processes by study ing t h e  rock products of f a u l t i n g  
assoclated w i t h  ancient,  deeply exhumed f a u l t  zones, or  those w i t h  a la rge  
f i n i t e  component of reverse s l i p .  

Th is  paper discusses t h e  a p p l i c a t i o n  of t h i s  procedure t o  two major 
f a u l t  zones developed i n  quar tzo- fe ldspath ic  c rus t ,  t h e  Outer Hebrides 
Thrust i n  N.W. Scotland and t h e  Alp ine Fau l t  i n  t h e  South Is land of New 
Zealand. By comparison and con t ras t  of these s t ruc tu res ,  fea tu res  o f  loca l  
and more general s i g n i f i m n c e  may be d is t ingu ished.  Our methodology has 
two aims, one general and t h e  o the r  more s p e c i f i c .  

( 1 . 1 )  Conceptual Models of Fau l t  Zones 

O u r  general aim i s  t o  understand t h e  change w i t h  depth i n  t h e  c r u s t  
of macroscopic f a u l t i n g  mechanisms (e.9. s l i p  on d i s c r e t e  planes, shear 
across zones o f  f i n i t e  w id th )  and assoc ia ted mineral  deformation mechanisms, 
for  both se ismic and aseismic s l i p  modes. The bas ic  approach (Fig.  I )  i s  
t o  r e l a t e  p a r t i c u l a r  s t y l e s  o f  f a u l t i n g  t o  mineral deformation mechanisms 
and metamorphic environments. In format ion of t h i s  k ind  may be gathered from 
a number o f  anc ient  f a u l t  zones exposed a t  d i f f e r e n t  eros ion levels,  o r  from 
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reverse- s l ip  d i s l o c a t i o n s  which have assoc ia ted w i t h  t h  
generated over  a range of depths, and in tegra ted  t o  bu i  
model of a major f a u l t  zone. 
focused on f a u l t  zones developed i n  c r y s t a l l i n e  quar tzo- fe ldspath ic  c rus t .  

To date, ou r  a t t e n t i o n  has mainly been 

Fau l t  models es tab l i shed  i n  t h i s  way can t o  some ex ten t  be d i r e c t l y  
t es ted  i f  c u r r e n t  proposals for  deep exp lo ra to ry  d r i l l i n g  i n  f a u l t  zones 
a re  pu t  i n t o  e f f e c t .  

(1.2) S t ruc tu res  and Mic ros t ruc tu res  i n  Re la t ion  t o  t h e  Earthquake Cycle 

Earthquake f a u l t i n g  i s  be l ieved t o  be a c y c l i c  process i n  terms of 
s t r ess  accumulation and release. Thus i f  in fo rmat ion  s p e c i f i c  t o  t h e  
earthquake mechanism i s  t o  be obtained from w i t h i n  t h e  general framework 
of our  f a u l t  zone model, it i s  axiomat ic t h a t  t h e  var ious  s t ruc tu ra l /m ic ro -  
s t r u c t u r a l  fea tu res  observed must be r e l a t e d  t o  p a r t i c u l a r  phases of t h e  
earthquake cyc le .  

I n  general we can envisage two bas ic  types of s t ress / t ime regime i n  
f a u l t  zones (Fig.2). More or  less steady-state, aseismic displacements 
a t  a l l  c r u s t a l  l eve l s  should occur a t  constant  or  gen t l y  f l u c t u a t i n g  
l eve l s  of shear s t ress.  
induced by some form of s t i c k - s l i p  process, shear s t r e s s  may roughly f o l l o w  
a saw-tooth o s c i l l a t i o n .  There i s  no d i r e c t  evidence, however, t h a t  t h e  
r a t e  of s t r ess  accumulation s tays constant  wh i l e  t h e  f a u l t  i s  locked and 
i n  a more general approach, f o l l o w i n g  Lensen (1971), t h e  c y c l e  for  a major 
shallow earthquake can be d i v i ded  i n t o  f o u r  phases. 

I n  con t ras t ,  du r i ng  t h e  earthquake f a u l t i n g  cyc le  

These are; an a-phase of secular, mainly e l a s t i c  s t r a i n  accumulation; 
a 8-phase of precursory ane las t i c  deformat ion i nc l ud ing  d i la tancy,  and 
poss ib ly  t e rm ina t i ng  i n  foreshock a c t i v i t y  and acce le ra t i ng  f a u l t  creep; 
a y-phase i n v o l v i n g  ac tua l  seismic s l i p  and rup tu re  propagation; and a 
6-phase i nc l ud ing  dece le ra t ing  a f t e r s l i p  and af tershock a c t i v i t y .  C lear ly ,  
SYructural fea tu res  r e l a t e d  t o  t h e  6 and y-phases i n  p a r t i c u l a r ,  may con- 
t r i b u t e  s i g n i f i c a n t l y  t o  our understanding of t h e  shallow earthquake 
mechanism. For example, 8-phase s t r u c t u r e s  mav o rov ide  an exp lanat ion for  . -  
observed precursory phenomena, whi l e  t ex tu res  and s t r uc tu res  developed dur ing  
t h e  +phase may y i e l d  va luab le  in fo rmat ion  on energy d i s s i p a t i o n  i n  f a u l t  
zon'es dur ing  seismic s l i p ,  and thus  on t h e  e f f i c i e n c y  of t h e  f a u l t i n g  process 
(Sibson 1-975, 1977b). . .  . , ,  

i 

However, a major i n t e r p r e t a t i v e  d i f f i c u l t y  a r i s e s  d i r e c t l y  from t h e  
tyy0.l i ca  i .ndture o f  ea'rthquake fau'l't ing; : s t r u c t u r a l  f ea tu res .  developed "i'n one 
;pha'se of one par t . ldu l8r  cyc. l@:are 1 tab le  t o  be overpr iwted or obl ' i tera t 'ed 
by! , features develo'ped e i vhe r  i n  -layer phases of t h e  same cycle,/ov i n  
succeed i.ng cycles.  .The seriousness of t h i s  'problem becomes apparent when 

'one co'nslder's t t i a t $ a  f f n i t e  displacement,of; say I O  km, i n  a m a j o r . f a u l t  
zone has probably developed by t h e  acc'umulation bf arou,nd-.104 earthquake 
s l i p  increments. Thus i n  some respects, fea tu res  r e l a t e d  t o  p a r t i c u l a r  phases 

' 

. .  

" 

: '  bf  t h e  eaithquake c y c l e  may be eas ie r  t o  t l i s t l n g u i s h  'atound fau l ' t s  w i t h  
compa pat  i v2 I y w' f i 'm i f e  displacement. , ' .  , .  . ,  

. .  , .  
, . ,  , : ,  , ~. ., ' . ~ . .  . .  ~. . .  . .  

(1.3) Terminology 

. i  ' '  Throughdut tti i i.,.pape'i: t h : . f au i t ' : . r bcK  no ie ic l .a tu re '$er ie ra~  ~y f0.1 low 
t h a t  p u t  forward by Sibson (1977a) (Fig.3), though some p a r t i c u l a r l y  descr ip-  
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t i v e  terms (e.9. ' c u r l y '  sch is t -my lon i te )  appl led  t o  A lp ine  Fau l t  mater ia l  
by Reed (1964) a re  re ta ined because o f  widespread local  usage. 

(2)  TWO MAJOR FAULT ZONES 

In  t h i s  sect ion, v a r i a t i o n s  i n  t h e  s t y l e  and t h e  rock products o f  
f a u l t i n g  a r e  described f o r  c ross- s t r i ke  t raverses  through two major f a u l t  
zones. One s t ruc tu re ,  t h e  Outer Hebrides Thrust, i s  an anc ient  f ea tu re  now 
deeply exhumed, wh i l e  t h e  other ,  t h e  A lp ine  Fau l t ,  remains a c t i v e  today. 
Both s t ruc tu res  a r e  developed main ly  i n  c r y s t a l l i n e  quar tzo- fe ldspath ic  
c r u s t  and have la rge  f i n i t e  components o f  reverse d i p- s l i p .  Thus i n  passing 
from t h e  downthrown t o  t h e  upthrown s ides o f  t h e  f a u l t  zones, one can expect 
t o  f i n d  f a u l t  rocks generated over a range o f  depths. 
s t ruc tu res  have several basic fea tu res  i n  common, t h e r e  a r e  a l s o  some major 
d i f fe rences .  

While t h e  two 

(2.1) The Outer Hebrides Thrust, N.W. Scotland 

(2.1.1.) 
Thrust i s  a complex d i s l o c a t i o n  zone which d i s r u p t s  t h e  c r y s t a l l i n e  Lewisian 
basement gneisses o f  t h e  Outer I s l e s  i n  N.W. Scotland (Flg.4). The t h r u s t  
zone can be t raced f o r  some 190 km, border ing t h e  eastern c o a s t l i n e  o f  t h e  
archipelago, and must rank as a major t e c t o n i c  element i n  t h e  f a b r i c  o f  t h e  
B r i t i s h  Is les .  P a r a l l e l i s m  w i t h  t h e  b i n e  Thrust some 85 km t o  t h e  east, 
coupled w i t h  rad iomet r i c  ages obtained from t h e  f a u l t  rocks, suggest a 
Late Caledonian (c.400 Ma)  age f o r  t h e  t h r u s t  movements. 

Background: With a sheet-dip o f  about 250 ESE, t h e  Outer Hebrides 

The host Lewisian Complex i s  l a r g e l y  a high-grade amphibol i te  f ac ies  
assemblage, v a r i a b l y  migmatised and c o n s i s t i n g  mainly o f  b io t i te- hornblende,  
quar tzo- fe ldspath ic  banded gneisses w i t h  a vary ing  amphibol i te  content  
(Coward e t  a l .  1969). Large bodies o f  anor thos i te ,  meta-gabbro and meta- 
t o n a l i t e  occur l o c a l l y ,  and pyroxene g r a n u l i t e  assemblages a r e  developed 
from p lace t o  place. Large Laxford ian (c. 1800 Ma)  f o l d  s t ruc tu res  have 
imposed a general NW-SE s t r u c t u r a l  gra in,  which i s  c u t  across by t h e  t h r u s t  
zone, (Coward e t  a l .  1970). 

S t ruc tu ra l  fea tu res  i n d i c a t e  a general ESE-WNW d l r e c t i o n  o f  t rans-  
l a t i o n  f o r  t h e  main t h r u s t  phase, but  t h e  lack o f  marker u n i t s  makes i t~ 
d i f f i c u l t  t o  est imate t h e  displacement across t h e  t h r u s t  zone. However, 
i n d i r e c t  evidence suggests a t o t a l  f i n i t e  reverse s l i p  o f  10-15 km, g i v i n g  
r i s e  t o  a v e r t i c a l  displacement o f  4-6 km (Sibson. 1976). 

(2. I .2) Cross- s t r i ke  sect ion:  Here a c h a r a c t e r i s t i c  sec t ion  through 
t h e  t h r u s t  zone i n  eastern North U i s t  i s  described, about midway along t h e  
i s l and  chain. 
o f  f a u l t i n g  and t h e  associated f a u l t  rocks (F ig .  4 and Table I ) .  Because 
t h e  host gneisses have a f a i r l y  un i form bu l k  composition, these changes must 
r e f l e c t  changes i n  deformat ion environment. 

mel t  has been generated from p lace t o  p lace by t r a n s i e n t  seismic s l i p  on 
extremely b r i t t l e  f a u l t s  c u t t i n g  t h e  gneisses (Sibson, 1975). These l oca l i sed  
f a i l u r e  zones increase i n  number towards t h e  t h r u s t  base, where d is rup ted  
pseudotachylyte ve in ing  a l s o  occurs i n  i n tense l y  mic ro f rac tu red  crush zones, 
ranging up t o  30m i n  th ickness and l a r g e l y  composed of c a t a c l a s i t e  and u i t r a -  

From west t o  east  t h e r e  a r e  progress ive changes i n  t h e  s t y l e  

In  t h e  region west of t h e  t h r u s t  zone proper, pseudotachylyte f r i c t i o n -  
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ca tac las i t e .  Above t h e  t h r u s t  base, t h e  gneisses a r e  v a r i a b l y  deformed i n  
a 'c rush melange' compris ing crush breccias, microbreccias, p ro toca tac las i t e  
and l o c a l l y  protomylon i te .  
shear b e l t s  up t o  5% i n  thickness, which l i e  i n  a bra ided network more or  
less concordant w i t h  t h e  t h r u s t  zone envelope. 
mglange a re  t o  some ex ten t  hydrated and metamorphical l y  downgraded, bu t  

The crush m6lange i s  c u t  by d u c t i l e  m y l o n i t i c  

A l l  of t h e  rocks w i t h i n  t h e  

hear b e l t s  almost t o t a l  re t rogress ion  t o  lower greenschis t  
(e.9. quar tz  + a l b i t e  + muscovite + c h l o r i t e  + ep idote k a c t i n o l i t e )  

nas Occurrea and t h e  rocks a r e  p h y l l o n i t e s  w i t h  s t r ong l y  developed L-S 
t e c t o n i t e  f a b r i c s .  Intense loca l  hydra t ion  i s  evinced both by t h e  re t rogress ion  
and by t h e  widespread development of hydrothermal qua r t z- ch lo r i t e  ve in ing  
i n  t h e  phy l l on i t es .  

D i r e c t  f i e l d  evidence for  t h e  contemporaneity of b r i t t l e  and d u c t i l e  
t h r u s t  components i s  lacking, but  arguments can be made against  one se t  o f  
fea tu res  preceding t h e  o t h e r  (Sibson, 1976). A deformation sequence has 
been deduced whereby a Do phase of t h r u s t  i ncep t i on  ( w i t h  which t h e  scat tered 
h igh- st ress pseudotachylyte f a u l t i n g  and t h e  i n i t i a t i o n  of t h e  crush melange 
a r e  associated) precedes t h e  main phase o f  t h rus t i ng ,  D I .  Minor s t r uc tu res  
w i t h i n  t h e  p h y l l o n i t e s  i n d i c a t e  t h a t  t h e  D (  phase was fo l lowed by a D2 phase 
of down-dip lag s l i d i n g .  The whole complex i s  f u r t h e r  d is rup ted  by Dg f a u l t s ,  
presumed t o  be comparat ively high- level  fea tu res  because of t h e i r  assoc ia t ion  
w i t h  incoherent gouge and breccia.  

I 
1 (2.2) The A lp ine  Faul t ,  New Zealand 

(2.2. I )  Background: The A lp ine  Fau l t  i n  t h e  South Is land  of New Zealand 
(Fig.5) i s  apparent ly  t h e  main s t rand i n  a dex t ra l  system of con t i nen ta l  
t ransform f a u l t s  l i n k i n g  opposed Ben io f f  Zones along t h e  boundary between 
t h e  Indo-Austral ian and P a c i f i c  p la tes .  A t o t a l  o f  480 km o f  post- Jurassic 
dex t ra l  s t r i k e - s l i p  i s  i nd ica ted  by a d isp laced o p h i o l i t e  b e l t  and o the r  
r e l a t e d  fea tu res  (Wellman, 1956), though t h e r e  i s  some d ispu te  as t o  t h e  
t i m i n g  o f  t h e  mvements. One school (Fleming, 1970; Gr indley,  1963, 1974; 
Reed, 1964; Suggate, 1963) argues for  two separate phases of s t r i k e- s l i p ,  
w i t h  about 330km of dex t ra l  s t r i k e - s l i p  t a k i n g  p lace  i n  t h e  l a t e  Jurass ic  - 
Ea r l y  Cretaceous Rangi tata Orogeny, t h e  remaining 150km occur r ing  i n  t h e  
l a t e  Cainozoic Kaikoura Orogeny which cont inues today. Others, r e l a t i n g  

':-local geology t o  sea- f loor  spreading data for  t h e  S.W. Pac i f i c ,  suggest t h a t  
t h e  t r anscu r ren t  movements began i n  Late Eocene t imes (c. 38 Ma) a t  t h e  
e a r l i e s t ,  con t i nu ing  through t h e  Cainozoic t o  t h e  present day (Car ter  and 
Nor r i s ,  1976; MoInar e t  a l .  1975; Walcott,  1978). A l l  a r e  agreed t h a t  i n  
Late Miocene t imes t h e r e  was a change from a t r anscu r ren t  regime t o  one 
i nvo l v i ng  a s t rong  component of reverse s l i p .  Th is  has led t o  t h e  format ion 
of t h e  Southern Alps i n  t h e  Late Cainozoic by u p l i f t  o f  as much as 20km 
across t h e  f a u l t  zone (Suggate, 1963). The swing i n  o r i e n t a t i o n  o f  t h e  
l n t e r p l a t e  s l i p- vec to r  leading t o  t h i s  ob l i que  compression across t h e  p l a t e  
boundary r e f l e c t s  a change i n  t h e  p o s i t i o n  of t h e  Indo-Austral ian/Paci f  i c  
po le  o f  r o ta t i on ,  a s  revealed by t h e  sea- f loor  data (Rynn and Scholz, 1978; 

f i t s  length t h e  f a u l t  zone forms a pronounced lineament 
th, separat ing markedly d i f f e r e n t  t e r r a i n s .  To t h e  nor th-  

ncJI,  a L.vvTI ==r ies o f  f a u l t e d  and fo lded  Upper Cretaceous and T e r t i a r y  
sediments, w i t h  extens ive Quaternary gravels, o v e r l i e s  a basement o f  mainly 
Lower Palaeozoic sediments, v a r i a b l y  metamorphosed and invaded by g r a n i t o i d  
i n t r u s i o n s  which range up t o  Ear ly  Cretaceous i n  age. The upthrown Southern 
Alps t o  t h e  south-east a r e  l a rge l y  composed of deformed metasediments from 
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a iu i i y  311 I K ~  i i ie ~ i a r i q ~ n o  wai I rocKs a re  r a i r i v  un i rorm auarrzo- te iasoarn lc  

re 
b- 

f a u l t  pug, f a u l t  b recc ia  and shat tered rocks; (b )  coherent ca tac las i te ,  
m r t a r e d  and b recc ia ted  rocks; and ( c )  myloni te,  augen myloni te,  u l t r a -  
my lon l te  and b lastomylon i te .  These t h r e e  groups he assigned chronologi t  
t o  per iods  of A lp ine  F a u l t  displacement occu r r i ng  respec t i ve l y  i n  t h e  
Quaternary and Late T e r t i a r y  phases of t h e  Kaikoura Orogeny, and i n  t h e  
Jurass ic  t o  Ea r l y  Cretaceous Rangi ta ta  Orogeny. The i n t e r p r e t a t i o n  prei 
below d i f f e r s  fundamental ly from t h a t  of Reed, because s t r u c t u r a l  data 
i n d i c a t e  t h a t  a l l  t e c t o n i t e  f a b r i c s  w i t h i n  t h e  A lp ine  Fau l t  Zone proper 

zal l y  

Late 
sented 

s l i p  (see 2.2.3, below). 

Owing t o  t h e  t h i c k  cover o f  r a i n - f o r e s t  and t h e  extens ive Quaterni 
fanglomerates and g l a c i a l  outwash g rave ls  along t h e  f r o n t  of t h e  Southei 
Alps, i n  s i t u  rock  exposure i s  genera l l y  f a r  from cont inuous i n  stream 
sec t ions  c u t t i n g  across t h e  f a u l t  zone. However, by making many such t i  
i t has proved poss ib l e  t o  p iece  toge ther  a composite 'hard- rock' sec t io i  

. .  . . . . . . . . . . . . . . .  . .  . .  . . .  

? te rnary  g rave ls  a long a gouge zone. As a resu l t ,  on l y  t h e  uppt 
? sec t ion  i s  exposed i n  many t raverses.  Other gouge zones loca l  
? sequence and may b r i n g  about r e p e t i t i o n  of l i t h o l o g i e s .  Typic 
t a l  w id th  of t h e  f a u l t  zone i s  about I t o  1.5 km, bu t  t h e  r e l a t i  
*L. >., , - .  I r I .  . . .  

3 r Y  
r n  

raverses 
n 

rrom Tne gran iTo ia  DaSement north-west of t h e  f a u l t  t o  t h e  A lp ine  Sch is ts  
on t h e  upthrown, south-eastern s i de  (Fig.6).  Th is  procedure has been made 
m r e  simple by t h e  near- constant l i t h o l o g y  of t h e  hanging wa l l  (Fig.5).  
Note t h a t  i n  any p a r t i c u l a r  t raverse, t h e  composite sec t i on  may be t runcated 
by t h e  m s t  recent  f a u l t  break, w i t h  t h e  south-eastern p o r t i o n  t h r u s t  over  
Qu: ?r p a r t  o f  
thc i l y  d i s r u p t  
thc :aI ly, t h e  
to- ive p ropor t ions  
of  Tne oiTrerenT raui-r rocKs vary  rrom one t r ave rse  TO t n e  next, p a r t i c u l a r  
t e x t u r a l  types being completely absent i n  some sect ions.  
shown i n  Fig. 6 a r e  broadly  c h a r a c t e r i s t i c  o f  t h e  c e n t r a l  A lp ine  Fau l t  region. 

The p ropor t ions  as 

Passing i n t o  t h e  f a u l t  zone from t h e  downthrown side, we follow Reed 
(1964) i n  b e l i e v i n g  t h a t  t h e  bu lk  of t h e  quar tzo- fe ldspath ic  c a t a c l a s i t e s  
and augen mylon i tes  a re  der ived from t h e  Tuhua Group g r a n i t o i d  assemblage. 
The o r i g i n  of t h e  green my lon l tes  i n  t h e  composite sec t i on  remains a problem 
a t  t h i s  stage (Reed, 1964, categor ises them as b lastomylon i tes) ,  bu t  i n  
t h e  upper p a r t  of t h e  sequence t h e  f a u l t  rocks con ta i n  quartz-plagioclase- 
b i o t i t e- ga rne t  assemblages and a r e  c l e a r l y  der ived from t h e  A lp ine  Schists.  
They inc lude f ine- grained, compact sch is t- mylon i tes  i n t e r f i n g e r e d  t o  some 
ex ten t  w i t h  r a t h e r  coarser  ' c u r l y '  sch is t- mylon i tes .  Progressing up through 
t h e  schist-myloni tes,  recognisab le  enclaves of A lp ine  Sch is t  appear, con- 
t a i n i n g  p r o l i f i c  ' f ish- hook' ,  minor f o l d  hinges probably r e l a t e d  t o  t h e  A lp ine  
F2 s t r uc tu res  of Rangi ta ta  age descr ibed by Gr ind ley  (1963) and Cooper (1974). 
I n  t h e  h igher  s t r a i n  regions, h i r  swung 
around from t h e i r  general NE-SW 1 3d 
o u t  along t h e  d i r e c t i o n  of f i n i t e  
p ropo r t i on  of  these A lp ine  Schis l  = s , c , a v ~ =  lIIcIcoJca , , l u y l ~ J a l v ~ ~ y  I I G I U L I ~ ~  a 
hund 

ige- l ines of these s t r uc tu res  have been 
trend, as seen i n  t h e  alps, t o  be srneart 
? e longa t ion  w i t h i n  t h e  myloni tes.  The 
k n..-,*\,,.r :..-----,.- --,.---....,.,-I.. At.--. 

red metres or  so u n t i l  t h e  t r a n s i t i o n  i s  complete. 

D -^.. ,&.+..-k ..,.. -La z..7-*:-- _ _ I *  x*--* .-.- 9 L . A  1 . . . ~ - I ~  I 
~ ~ C U U U I ~ C I I ~ ~ ~ ~ -  I I  I C I  I ~ ~ B - I U ~ I  I w e b  T I ~ T  uescriDeo ~ r o m  a s i n g l e  l o c a l i t y  

i n  t h e  A lp ine  F a u l t  Zone by Wallace (1976) who r e f e r r e d  t o  it as 'hyalomylonlte',  
281 
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but  t h e  mate r ia l  has now been found i n  va ry ing  stages of d e v i t r i f i c a t i o n  
a t  17 l o c a l i t i e s  spread over  270km a long t h e  f a u l t  t r a c e  ( F i g  7).  Where 
t h e  lower, north-western p o r t i o n  of t h e  f a u l t  zone i s  we l l  exposed, t h e  
most i n t ens i ve  concent ra t ions of pseudotachylyte can be seen t o  occur i n  
assoc ia t ion  w i t h  ca tac las i t e ,  b u t  a t  one p lace or  another it can be found 
c u t t i n g  a l l  o t h e r  f a u l t  rock types apa r t  from gouge. I n  my lon i te  se r i es  
rocks, most of t h e  pseudotachylyte has been generated by s l i p  on south- 
e a s t e r l y  d ipp ing  f r ac tu res  co inc i den t  w i t h  t h e  m y l o n i t i c  f o l i a t i o n ,  which 
has c l e a r l y  acted as a p r e f e r e n t i a l  p lane of b r i t t l e  f a i l u r e .  

(2.2.3) S t ruc tu ra l  data i n  r e l a t i o n  t o  t h e  age of t h e  f a u l t  rocks: 
D u c t i l e  shear zones develop by heterogeneous simple shear and may be expected 
t o  con ta in  pene t ra t i ve  L-S shape f ab r i cs .  
m y l o n i t i c  f o l i a t i o n  should l i e  sub- para l le l  t o  t h e  w a l l s  w i t h  a s t r e t c h i n g  
l i n e a t i o n  i n  t h e  f o l i a t i o n  i n d i c a t i n g  t h e  t r anspo r t  d i r e c t i o n  across t h e  
shear zone (Ramsay and Graham, 1970). P re- ex is t ing  s t r u c t u r e s  i n  t h e  hos t  
rocks may be deformed as passive markers w i t h  l i n e a r  fea tu res  such as f o l d  
hinges, r o ta ted  and smeared o u t  i n t o  near- para l le l i sm w i t h  t h e  t r anspo r t  
d i r e c t i o n  (Escher 8 Watterson, 1974). S t ruc tu ra l  data from t h e  A lp ine  Fau l t  
Zone suggest t h a t  a l l  f a u l t  rock f a b r i c s  were impressed du r i ng  t h e  Late 
Cainozoic phase of ob l ique  compression; m y l o n i t i c  f o l i a t i o n  ind ica tes  a d i p  
of 4 0 - 5 s  SE f o r  t h e  f a u l t  zone a t  depth, wh i l e  pene t ra t i ve  s t r e t c h i n g  
l i n e a t i o n s  i n  t h e  mylon i tes  plunge i n  a d i r e c t i o n  sub- para l le l  t o  t h e  present-  
day i n t e r p l a t e  s l i p- vec to r  (Fig.8). and a r e  cons i s ten t  w i t h  dextral- reverse- 
ob l i que  shear across t h e  f a u l t  zone (Sibson e t  a l .  - i n  press) .  

and gouge zones, and t o  some ex ten t  a r e  d is rup ted  by t h e  ca tac las i tes ,  it 
appears t h a t  a l l  of t h e  f a u l t  rocks w i t h i n  t h e  A lp ine  F a u l t  Zone proper a re  
Late Miocene o r  younger i n  age. 
t h e  A lp ine  Sch is ts  adjacent t o  t h e  f a u l t  (and o f  t h e  sch is t- der i ved  mylon i tes  - 
C. J. Adams, pers. corn.), which suggest t h a t  major argon outgass ing took  
p lace 4-5 Ma ago (Gabites 8 Adam - i n  press; Sheppard e t  al. ,  1975.). 

For h i gh  values o f  shear s t r a i n ,  

Thus as t h e  m y l o n i t i c  f a b r i c s  a re  c u t  across by t h e  pseudotachylytes 

Th is  i s  i n  accord w i t h  isotope s tud ies  of 

( 3 )  INTERPRETATIVE MODELS 

I t  i s  r e a d i l y  apparent from t h e  c ross- s t r i ke  sec t ions  t h a t  t he re  a r e  
major s i m i l a r i t i e s  and d i f f e rences  i n  t h e  fundamental s t r u c t u r e  o f  t h e  two 
f a u l t  zones. These s t r u c t u r a l  aspects a r e  now examined i n  r e l a t i o n  t o  a 
general model for  a f a u l t  zone developed i n  c r y s t a l l i n e  quar tzo- fe ldspath ic  
c rus t .  

(3.1)  General F a u l t  Model 

I n  both sect ions t h e r e  i s  a change from t r u l y  c a t a c l a s t i c  deformation 
t o  quas i- p las t i c  mylonisat ion,  accompanied by an increase i n  t h e  metamorphic 
grade of t h e  f a u l t  rocks, passing from t h e  downthrown t o  t h e  upthrown s i d e  
of t h e  f a u l t  zone. On t h e  presumption t h a t  t h i s  l a t e r a l  passage l a rge l y  
r e f l e c t s  t h e  o r i g i n a l  d i s t r i b u t i o n  of f a u l t  rocks w i t h  depth, a s imple 
e s s e n t i a l l y  2- layer  f a u l t  model may be es tab l i shed  by removing t h e  e f f e c t s  
of reverse shear (Sibson, 1977a). Largely as a consequence of t h e  changing 
response of quar tz  t o  deformation w i t h  depth, a zone of f r i c t i o n a l ,  mainly 
discont inuous deformat ion g ives  way beneath t h e  greenschis t  t r a n s i t i o n  t o  
a zone where cont inuous shear ing occurs by quas i- p las t i c  processes i n  my lon i te  
be l t s .  The cu t- ou t  o f  seismic a c t i v i t y  a t  a depth o f  IO-15km along t h e  San 
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Andreas Fau l t  (Eaton e t  al. ,  1970). corresponding t o  t h e  expected 
t r a n s i t i o n  depth t o  a greenschis t  environment for normal thermal 
gradients,  accords well w i t h  t h i s  model. 
f l u i d  pressure t o  l i t h o s t a t i c  load remains f ixed,  t h e  shear res is tance  of 
f a u l t  zones may be expected t o  increase approximately l i n e a r l y  w i t h  depth 
through t h e  f r i c t l o n a l  reglme, a t t a i n i n g  a peak va lue j u s t  above t h e  
greenschis t  t r a n s i t i o n ,  beneath which t h e  dominance o f  the rma l l y  ac t i va ted  
deformat ion mechanisms causes a progress ive weakening of t h e  f a u l t  zone 
w i t h  increas ing temperature and depth. Because of h igher  f r i c t i o n a l  
c o n s t r a i n t s  against  movement, t h e  peak shear res is tance  i s  l i k e l y  t o  be 
g rea tes t  for  t h r u s t s  and leas t  for  normal f a u l t s ,  w i t h  wrench f a u l t s  having 
in termediate  values (Sibson, 1974). 

(3.1.1.) Mesh s t r u c t u r e  o r  s i n g l e  dominant shear zone?: The anastomosing 
mesh of both b r i t t l e  and d u c t i l e  shear b e l t s  which makes up t h e  Outer 
Hebrides Thrust  zone encloses la rge  lozenge-shaped reg ions o f  comparat ively 
undeformed mater ia l .  
of a s i n g l e  dominant l ineament i n  which b r i t t l e  and d u c t i l e  deformation Is 
c l o s e l y  juxtaposed. Th is  i s  no t  t o  say, however, t h a t  deformation i s  com- 
p l e t e l y  homogeneous I n  t h e  A lp ine  F a u l t  Zone, because apa r t  from t h e  obvious 
d i s c o n t i n u i t i e s ,  t e x t u r a l  v a r i a t i o n s  i n d i c a t e  cons iderab le  smal l- scale s t r a i n  
heterogenei ty  i n  t h e  mylon i tes .  

S i m i l a r  v a r i a t i o n s  i n  t h e  degree of f a u l t  zone l o c a l i s a t i o n  a t  h igh  

Provided t h e  r a t i o  of pore- 

I n  marked cont rast ,  t h e  A lp ine  F a u l t  Zone cons is ts  

c r u s t a l  l eve l s  a r e  revealed by c o n t r a s t i n g  pa t t e rns  o f  earthquake rup tu r ing .  
For example, a f te rshock  s tud ies  of t h e  1966 P a r k f i e l d  earthquake on t h e  San 
Andreas Fau l t  show t h a t  r up tu re  occurred on two l i nked  segments spaced I km 
apa r t  and extending t o  depths o f  15 km (Eaton e t  al. ,  1970). On t h e  o t h e r  
hand, f l i g h t s  of pos t- g lac ia l  r i v e r  t e r races  p rogress ive ly  o f f s e t  a long 
several major, wel l- def ined New Zealand f a u l t s  (e.9. Lensen, 1968; Lensen 8 
Vella, 1971) I nd i ca te  t h a t  i n  some reg ions a t  least, successive earthquake 
rup tu res  a re  r e s t r i c t e d  t o  e s s e n t i a l l y  t h e  same f a u l t  p lane for per iods of 
a t  l eas t  20,000 years. 

1967; Aki, 1978) has emphasised t h e  need f o r  an understanding of f a u l t  zone 
heterogeneity, why it occurs and what f a c t o r s  govern i t s  scale.  Does mesh 
s t r u c t u r e  a r i s e  s o l e l y  from t h e  geometrical need t o  accomodate large- scale 
a s p e r i t i e s  or f a u l t  zone curvature,  as F l i n n  (1977) has suggested for t h e  
Walls Boundary Fau l t  i n  Shetland? 
one component of t h e  mesh a t  a l l  c r u s t a l  l e v e l s  for  extended periods, t h e  
remainder becoming redundant, or i s  a c t i v i t y  more or  less evenly d i s t r i b u t e d  
between t h e  mesh components? 
t h e  s t r u c t u r e  of f a u l t  zones, e s p e c i a l l y  i n  t h e  more d u c t i l e  regions? 

S t r a i n  concen t ra t ion  a long boundaries between reg ions of marked 
competence con t ras t  i n  a we l l  known c h a r a c t e r i s t i c  of d u c t i l e  deformation 
I n  high-grade basement t e r r a i n s  (e.9. Coward, 1976). Th is  might account for  
t h e  d i f f e r i n g  l o c a l i s a t i o n  of t h e  two f a u l t  zones under cons iderat ion.  Thus 
whereas t h e  A lp ine  Fau l t  Zone separates markedly d i f f e r e n t  I i t h o l o g i c a l  
t e r r a i n s  and i s  we l l  loca l ised,  t h e  Outer Hebrides Thrust  has developed 
w i t h i n  a gneissose assemblage which, wh i l e  being f a i r l y  un i fo rm on a broad 
scale, con ta ins  m n y  comparat ively smal l- scale inhomogeneities such as 
metabasi te bodies, around which t h e  mesh s t r u c t u r e  may develop. 

The a p p l i c a t i o n  o f  " b a r r i e r  theory"  t o  rup tu re  propagat ion (Das 8 Akl, 

Are shear displacements r e s t r i c t e d  t o  

Do very la rge  displacements tend  t o  'homogenise' 
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( 3 .  I . 2 )  F a u l t  zone w id th  versus depth: I n  t h e  general f a u l t  zone 
model (Fig.91, t h e  w id th  of t h e  f a u l t  zone i s  shown as  increas ing  w i t h  
depth. An important consequence i s  t h a t  shear s t r a i n- r a t e s  i n  t h e  d u c t i l e  
regime would decrease w i t h  depth. The in fe rence o f  inc reas ing  w id th  w i t h  
depth i s  based on o n l y  a few anc ien t  f a u l t  systems exposed a t  d i f f e r e n t  
e ros ion  l e v e l s  a long t h e i r  s t r i k e .  They inc lude t h e  Outer Hebrides Thrust  
Zone (Sibson, 1976), t h e  Nordre St romf jo rd  shear b e l t  i n  West Greenland 
(Bak e t  a l . ,  1975). and t h e  Najd f a u l t  system i n  Saudi Arabia (Moore - i n  
press) .  Much f u r t h e r  work i s  needed t o  subs tan t i a te  t h i s  concept. 

( 3 .  I . 3 )  C a t a c l a s t i c  crush zones and d i s t r i b u t e d  c a t a c l a s i s :  Wi th in  t h e  
Outer Hebrides Thrust  Zone. we l l  de f ined crush zones con ta in ino  c a t a c l a s i t e  - 
u l t r a c a t a c l a s i t e  and some pseudotachylyte range up t o  several yens of metres 
i n  th ickness.  F i e l d  evidence suggests t h a t  s i g n i f i c a n t  shear displacements, 
i n  p laces of t h e  o r d e r  of k i lomet res  (Francis  8 Sibson, 1973), have occurred 
across these s t ruc tu res .  
l a r g e l y  by seismic or  aseismic shear ing processes remains unce r ta in  though 
t h e  former seems more l i k e l y  i n  view of t h e  pervasive b r i t t l e  m lc ro f rac tu r i ng ,  
t h e  quar tzo- fe ldspath ic  na ture  of t h e  host  rocks which favours s t i c k - s l i p  
(Jackson 8 Dunn, 1974). and t h e  presence of some pseudotachylyte f r i c t i o n -  
mel t .  
mgiange, though t h e  f i n i t e  shear s t r a i n  developed across t h i s  ma te r i a l  i s  
probably 51 i gh t .  

Whether such c a t a c l a s t i c  c rush zones have developed 

However, d i s t r i b u t e d  c a t a c l a s i s  a l s o  occurs throughout t h e  crush 

A s i m i l a r  s i t u a t i o n  occurs i n  Shetland a long t h e  Walls Boundary Faul t ,  
t h e  poss ib le  nor thern  con t i nua t i on  of t h e  t ranscu r ren t  Great Glen F a u l t  
(F i inn ,  1961). The ac tua l  f a u l t  i s  t raceab le  for  over  40 km as a we l l  
de f ined p lanar  crush zone, o f t e n  l ess  than 0.5 m i n  w id th  and con ta in ing  
i n tense ly  comminuted c a t a c l a s i t e  - u l t r a c a t a c l a s i t e .  across which c o n t r a s t i n g  
I i t h o l o g i e s  a r e  sharp ly  juxtaposed (FI inn, 1977). F lanking country  rocks, 
i nc lud ing  sandstones, metamorphics and a g r a n i t o i d  complex a r e  v a r i a b l y  
catac lased t o  crush breccias, microbreccias and p ro toca tac las i t e ,  and have 
undergone minor subs id ia ry  f a u l t i n g  for  d is tances  of a k i l ome t re  or  more 
away from t h e  f a u l t .  Mineralogy suggests t h a t  much o f  t h e  c a t a c l a s i s  t ook  
p lace under z e o l i t e  or  lower cond i t i ons  of metamorphism. F l i n n  considers 
t h a t  almost a l l  t h e  s t r i k e - s l i p  displacement of more than 30 kin has occurred 
by s l i p  a long t h e  main f a u l t ;  very l i t t l e  can be associated w l t h  t h e  broad 
b e l t  of ca tac las i s .  

One poss ib le  i n t e r p r e t a t i o n ,  assuming t h e  f a u l t  t o  have been s e i s m i c a l l y  
ac t ive ,  i s  t h a t  w h i l e  comminution i n  t h e  c a t a c l a s t i c  crush zones occurred 
du r ing  ac tua l  s l i p  episodes ( t h e  y and poss ib l y  t h e  6 phases of t h e  ear th-  
quake cyc le ) ,  t h e  d i s t r i b u t e d  c a t a c l a s i s  i s  a consequence o f  progressive 
microcracking caused by long-continued s t ress  c y c l i n g  of t h e  reg ion  adjacent  
t o  t h e  f a u l t  ( t h e  a and, espec ia l l y .  t h e  8 phases of t h e  earthquake c y c l e ) .  

(3. I .4) 
sec t ions  a r e  d is rup ted by l a t e  d i s l o c a t i o n s  con ta in ing  incohesive gouge and 

The gouge- catac las i te  t r a n s i t i o n :  I n  bo th  f a u l t  zones, t h e  
- -  

brecc ia  which a r e  presumed t o  have developed under comparat ive ly  near- 
sur face cond i t ions .  
r a t h e r  loose ly  on t h e  absence or  presence of 'pr imary cohesion' (Higgins, 1971). 
I t  i s  n o t  c l e a r  t o  me t h a t  pr imary cohesion can always be d i s t i ngu i shed  from 
secondary cementation, e s p e c i a l l y  i n  very f i n e  gra ined rocks. I have assumed 
t h a t  cohesion develops by g r a i n  impingement and cementation i n  quar tz-  
bear ing rocks once they  a r e  a t  a s u f f i c i e n t  temperature f o r  quar tz  t o  be re-  
d i s t r i b u t e d  by hydrothermal so lu t i ons .  Ava i l ab le  evidence suggests t h a t  

The d i s t i n c t i o n  between gouge and c a t a c l a s i t e  i s  based 

284 



9 

t h i s  may genera l l y  occur  a t  temperatures o f  around 100°C ( K e r r i c k  e t  a1.,1977). 

I t  seems u n l i k e l y ,  there fore ,  t h a t  t r u l y  incohesive gouge can e x i s t  

One suspects t h a t  hydrothermal ly  a l t e red ,  but  e s s e n t i a l l y  
t o  depths o f  around I O  km as Wu e t  a l  (1975) have suggested f o r  t h e  San 
Andreas Fau l t .  
cohesive c a t a c l a s i t e  cou ld  account f o r  t h e  g r a v i t y  low co inc iden t  w i t h  t h e  
f a u l t  zone equa l l y  as wel l  as t h e  c l a y- r i c h  gouge pos tu la ted  by Wang e t  a l .  
(1978). 

(3 .  I . 5 )  
t h e  two f a u l t  zones i s  t h e  evidence f o r  in tense hydra t ion  and h igh  f l u i d  
pressures i n  t h e  p h y l l o n i t e  b e l t s  of t h e  Outer Hebrides Thrust  as compared 
t o  t h e  my lon i tes  o f  t h e  A lp ine  F a u l t  Zone. The p h y l l o n i t e s  have formed by 
t h e  my lon isa t ion  and syntec ton ic  re t rog ress ion  of a high-grade gneiss 
assemblage, t h e  l a t t e r  process i nvo l v ing  exothermic hydra t ion  react ions.  
Tension gash shear zones, compr is ing en-echelon a r rays  of q u a r t z- c h l o r i t e  
veins, occur  from p lace t o  p lace w i t h i n  t h e  phy l l on i tes ,  w h i l e  d is rup ted  
and deformed veins can be found sheared-out i n t o  t h e  m y l o n i t i c  f o l i a t i o n .  
I f ,  as seems l i k e l y ,  t h e  veins o r i g i n a l l y  developed by hyd rau l i c  f r a c t u r i n g  
under shear (Secor, 1969), one may i n f e r  t h a t  f l u i d  pressures w i t h i n  t h e  
p h y i l o n i t e  b e l t s  l o c a l l y  exceeded t h e  l e a s t  p r i n c i p a l  compressive s t ress  so 
t h a t  my lon isa t ion  was proceeding under zero e f f e c t i v e  c o n f i n i n g  pressure. 

Evidence f o r  h igh f l u i d  pressures: One major d i f f e r e n c e  between 

I n  cont ras t ,  hydrothermal ve in ing  w i t h i n  t h e  A lp ine  Fau l t  Zone i s  
scarce and re t rog ress ion  i n  t h e  mylonites, e s p e c i a l l y  those der ived from 
t h e  b i o t i t e- g a r n e t  assemblages o f  t h e  A lp ine  Schists,  i s  s l i g h t .  
be a t t r i b u t e d  a t  l eas t  i n  p a r t  t o  a general lack  o f  c i r c u l a t i n g  hydrothermal 
f l u i d s .  

Th is  may 

( 3 .  I . 6 )  D i s t r i b u t i o n  and development o f  pseudotachylyte: Again, t h e r e  
a r e  both s i m i l a r i t i e s  and d i f fe rences  i n  t h e  d i s t r i b u t i o n  o f  pseudotachylyte 
f r i c t i o n- m e l t ,  t h e  product  o f  seismic s l i p  on d i s c r e t e  planes (Sibson, l975), 
i n  t h e  two f a u l t  zones. The most i n tens i ve  concentrat ions occur i n  associ-  
a t i o n  w i t h  cataclasi te- ul t racataclasi te  a t  t h e  base o f  both zones. 
Outer Hebrides d i s t r i b u t e d  pseudotachylyte f a u l t i n g ,  perhaps associated w i t h  
t h e  i ncep t i on  of t h e  t h r u s t  zone, occurs s t r u c t u r a l l y  below t h e  base of t h e  
t h r u s t  zone but  does no t  a f f e c t  t h e  p h y l l o n i t i c  my lon i tes  above t h e  t h r u s t  
base . 

I n  t h e  

However, above t h e  base of t h e  A lp ine  F a u l t  Zone, a l l  my lon l te  se r ies  
rocks have been a f fec ted  by pseudotachylyte f a u l t i n g ,  though n o t  usua l l y  t o  
any great  extent .  
(see below) it appears t h a t  as a r e s u l t  o f  reverse shear, o r i g i n a l l y  d u c t i l e  
my lon i tes  were ra i sed  t o  l e v e l s  where seismic s l i p  a long d i s c r e t e  p lanar  
f r a c t u r e s  became t h e  dominant f a i l u r e  process ( c f .  Grocott ,  1977). 

d i s p a r i t y  between t h e  f l u i d  pressure regimes pos tu la ted  for t h e  two se ts  
of myloni tes.  
i n te rg ranu la r  f l u i d  would have i n h i b i t e d  f r i c t i o n - m e l t i n g  dur ing  seismic 
s l i p  (Sibson, 1977b). 

(3 .2 )  Mineral Deformation Mechanisms 

In  terms of t h e  progressive evo lu t i on  of t h e  f a u l t  zone 

A poss ib le  exp lanat ion  f o r  t h i s  c o n t r a s t i n g  behaviour l i e s  i n  t h e  

I n  t h e  Outer Hebrides phy l l on i tes ,  t h e  presence o f  an aqueous 

I n  b u i l d i n g  up models of f a u l t  zones we a r e  now a t  a stage where by 
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means of o p t i c a l  and e lec t ron  microscopy, t ex tu res  and mic ros t ruc tu res  can 
t e n t a t i v e l y  be l i nked  t o  c r y s t a l  deformation mechanisms. I t  i s  apparent 
t h a t  t h e  mechanical response of shallow t o  in termediate  quar tzo- fe ldspath ic  
c r u s t  i s  l a rge l y  governed by t h e  vary ing  behaviour of quartz, though t h e  
presence of o t h e r  minera ls  may be c r i t i c a l  i n  a l l o w i n g  c e r t a i n  mechanisms 
t o  operate  ( E l l i o t t ,  1973; White, 1976). For example, t h e  presence o f  
p h y l l o s i l i c a t e s  may g r e a t l y  enhance deformat ion i nvo l v i ng  g r a i n  boundary 
d i f f u s i o n  (Ru t t e r  and Mainprice, 1978). 

c o n t r o l s  a re  
E l  I i o t  (1976) 
ass is ted  g r a i  

We f i r s t  cons ider  t h e  d i s t r i b u t i o n  w i t h  depth i n  t h e  c r u s t  o f  f a u l t  
rocks produced by steady- state aseismic shearing, i n  r e l a t i o n  t o  probable 
metamorphic environments and t h e  dominant deformat ion modes for  quar tz  
(Fig.  I O ) .  The change of metamorphic f a c i e s  w i t h  depth f o r  a constant 
geothermal g rad ien t  o f  300C/km i s  mod i f ied  from Turner (1968) i n  t h e  l i g h t  
o f  more up t o  date in format ion on metamorphic temperatures ( K e r r i c k  e t  al., 
1977; Miyashiro, 1973; Winkler, 1974). Note t h a t  these boundaries a re  a l l  
based on t h e  assumption t h a t  Pload = pH,O. 
p a r t i c u l a r  quar tz  deformation mechanisms dominate a r e  shown schemat ica l ly  
on a p l o t  o f  mean g r a i n  s i z e  versus temperature. Such p l o t s  a re  based on 
t he  assumption o f  a constant shear s t r a i n - r a t e  throughout t h e  zone. 
s t r a i n- ra tes  might be i n  t h e  range I6 lo t o  1612s-1, corresponding t o  d is-  
placement a t  I cm/yr across shear b e l t s  r espec t i ve l y  3 and 300 m i n  w id th  
(Sibson, 1977a). 
parameters for  a p a r t i c u l a r  s t r a i n- r a t e  f a i r l y  accurate ly ;  a t  present ou r  

Probable f i e l d s  i n  which 

Typica l  

With t ime it should be poss ib le  t o  determine t h e  boundary 

few and t h e  boundaries shown a re  l i t t l e  more than guesses. 
has suggested t h a t  pressure s o l u t i o n  s l i d i n g  ( i n v o l v i n g  water- 

n-boundary d i f f u s i o n )  on f a u l t s  becomes important a t  temperatures 
i n  excess of 2500C. Ke r r i ch  e t  a l .  (1977) have determined t h e  
between flow mechanisms i nvo l v i ng  g r a i n  boundary d i f f u s i o n  and 
creep as a f unc t i on  of temperature and g r a i n  s ize,  b u t  f o r  qua 
rocks t h a t  have probably been deformed a t  much slower s t r a i n - r  
d i f f u s i o n  processes) than those expected i n  f a u l t  zones. Seve 
( E l  I i o t t ,  1973; McClay. 1977; Rutter ,  1976; White, 1976) have ubeu w n e r  
forms o f  deformation map for  quar tz  t o  show t h a t  decreasing g r a i n  s i z e  a t  
constant  temperature and s t r a i n- r a t e  can induce a change from flow by c r y s t a l  
p l a s t i c  processes (mainly d i s l o c a t i o n  creep) t o  f low i nvo l v i ng  g r a i n  boundary 
d i f f u s i o n ,  poss ib l y  water- assisted ( i .n .  nre+wrn  + o I i i + i o n l .  White (1976) 
has suggested t h a t  i n  qua r t z- r i ch  n 
marked s t ra in- so f ten ing ,  occurs as 

t r a n s i t  ion 
d i s l o c a t i o n  

r t zo- fe ldspa th i c  
a tes ( favour ing  
r a l  workers 

_ I L  ._ 

. - - - - .  - - - . - . . - .  , . . . . , , , , - . , , - , 
i y l o n i t e s  t h i s  t r a n s i t i o n ,  accompanied by 
g r a i n  s i z e  i s  reduced from 100 t o  I O  pm. 

Dur ing seismic f a u l t i n g ,  ca t?  
mat ion mechanism a t  a l l  c r u s t a l  lek 
power d i ss i pa t i on .  Under dry  condi 
of pseudotachylyte may occur a t  dep 
provided s l i p  i s  l oca l i sed  w i t h i n  E 
t ex tu res  developed i n  these t r ans ie  
by t h e  longer term processes of defurllial iuri i n  T ~ U I T  Lune5. especial I Y  i n  

i 

i c l a s i s  i s  l i k e l y  t o  be t h e  main defor-  
f e i s  because of t h e  h igh  s l i p  r a tes  and 
t i o n s  f r i c t i o n- m e l t i n g  w i t h  t h e  product ion 
rths i n  excess of perhaps a k i lometre,  
i t h i n  zone (Sibson, 1977b). However, 
!n t  events a r e  suscep t ib le  t o  o b l i t e r a t i o n  
^_-_ I . _ I . _ L _ , I  ___._ ._..... I ,  . 

deep my lon i te  b e l t s  developing by aseismic sheaf. 

(3.3) Evo lu t ion  o f  Reverse-Slip Fau l t  Zones 

Reverse shear ing across a general f a u l t  model such as t h a t  i n  Fig. 9 
w i l l  lead t o  t h e  j u x t a p o s i t i o n  a t  t h e  sur face of f a u l t  rocks generated over  
a range of depths. However t h e  d e t a i l s  o f  t h e  process can be q u i t e  compli-  
cated. As an i l l u s t r a t i o n  we cons ider  t h e  evo lu t i on  o f  a f a u l t  zone con- 
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s i s t i n g  o f  a s i n g l e  dominant shear b e i t  a t  a l l  c r u s t a l  l e v e l s  (Fig.11).  
For s i m p l i c i t y  t h e  a c t i v e  gouge - c a t a c l a s i t e  and ca tac las i t e- my lon i te  
t r a n s i t i o n s  a r e  considered t o  be sharp ly  de f ined i n t e r f a c e s  remaining a t  
a f i x e d  depth w i t h  respect  t o  t h e  ground surface. 
d i s t r i b u t i o n  and range of f a u l t  rocks exposed a t  t h e  sur face depends both  
on t h e  ex ten t  o f  reverse shear and t h e  eros ion  leve l  a t  which t h e  f a u l t  
zone i s  exposed. Also, o r i g i n a l  f a u l t  rock  t e x t u r e s  formed a t  depth may 
be d is tu rbed du r ing  t h e i r  passage t o  t h e  surface. 
t o  s u f f e r  some c a t a c l a s t i c  deformation dur ing  upwards t r a n s p o r t  and as a 
r e s u l t  o f  pressure r e l i e f ,  o r i g i n a l l y  cohesive f a u l t  rocks may tend t o  
disaggregate and undergo near-surface hydrothermal a l t e r a t i o n .  

C l e a r l y  t h e  f i n a l  

Thus my lon i tes  a r e  l i k e l y  

I n  r e a l i t y  f a u l t  zone evo lu t i on  w i l l  be complicated by a number of 
fac to rs .  For a s t a r t ,  more e labo ra te  models would have t o  consider  t h e  
e f f e c t s  of reverse shear across a mu l t i - s t rand  f a u l t  zone. Then t h e r e  W I I I  
be severe problems o f  s t r a i n  compa tab i l i t y  i n  t h e  v i c i n i t y  of t h e  change- 
over  from discont inuous t o  cont inuous deformation, g i v i n g  r i s e  t o  a 
complicated t r a n s i t i o n  zone. I t  should a l s o  be borne i n  mind t h a t  l a rge r  
earthquake f a u l t  rup tures  may be expected t o  propagate down through m y l o n i t i c  
shear b e l t s  causing occasional t r a n s i e n t  loss o f  c o n t i n u i t y ;  though t h e  
t e x t u r a l  evidence for  t h i s  w i l l  r a r e l y  be preserved (Sibson, 1977a). The 
t r a n s i t i o n  l e v e l s  w i l l  t o  some ex ten t  be governed by t h e  e f f e c t s  of d i f f e ren-  
t i a l  u p l i f t  and eros ion  on isotherms. 

A f u r t h e r  p o s s i b i l i t y  i s  t h a t  shear heat ing  w i t h i n  t h e  f a u l t  zone may 
cause upwards m ig ra t i on  of t h e  ca tac las i t e- my lon i te  t r a n s i t i o n  w i t h  t ime. 
Such may we l l  have been t h e  case w i t h  t h e  A lp ine  F a u l t  where pa t te rns  o f  
argon outgassing i n  t h e  A lp ine  Sch is t  a r e  s t r o n g l y  suggest ive of s i g n i f i c a n t  
shear heat ing  dur ing  t h e  Late Cainozoic phase o f  reverse s l i p  (Gabites 8 
Adams, i n  press; Scholz e t  ai., i n  press; Sibson e t  a l . ,  i n  press). Shear 
heat ing  cou ld  a l s o  he lp  t o  account for t h e  l ack  of re t rogress ion  i n  t h e  
A lp ine  F a u l t  myloni tes.  Against t h i s  it has t o  be po in ted  o u t  t h a t  micro- 
earthquake a c t i v i t y  i n  t h e  v i c i n i t y  o f  t h e  A lp ine  Faul t ,  w h i l e  f a i l i n g  t o  
de f i ne  t h e  f a u l t  zone, s t i l l  extends t o  depths of around 15 km as on t h e  
San Andreas F a u l t  (Scholz e t  al., 1973). 

( 4  ) CONCLUS IONS 

Despi te d i f f i c u l t i e s  a r i s i n g  main ly  from t e x t u r a l  overpr in t ing ,  f a u l t  
rocks and s t r u c t u r e s  can be used t o  b u i l d  up conceptual m d e l s  of c r u s t a l  
f a u l t  zones. Though i n  need o f  much refinement, these models show great  
p o t e n t i a l  for  p rov id ing  a b e t t e r  understanding o f  f a u l t  zone processes 
re levan t  t o  t h e  shal low earthquake mechanism, e s p e c i a l l y  when combined w i t h  
o t h e r  sources of in format ion.  

Ac know I edgements 

Th is  work forms p a r t  o f  a p r o j e c t  funded by t h e  U.S. Geological Survey 
under t h e  Nat ional  Earthquake Hazards Reduction Programme, Contract  No. 
14-08-0001-17662. 



REFERENCES 

Aki, K. 1978: A q u a n t i t a t i v e  model of s t r e s s  i n  a seismic reg ion  as a 
, 

bas is  for  earthquake p red i c t i on .  Proc. Cong. I l l  ' F a u l t  Mechanics 
and i t s  Re la t i on  t o  Earthquake Pred ic t ion ' . ,  Cong. U.S.G.S., 
Menlo Park, 7-32. 

Bak, J., Kostgard, J. 8 Sorensen, K. 1975: A major shear zone i n  t h e  
Nagssugtoqidian of west Greenland. Tectonophysics 9, 259-282. 

Carter, R. M. 8 Norr is ,  R. J. 1976: Cainozoic h i s t o r y  o f  southern New 
Zealand: an accord between geo log ica l  observat ions and p la te-  
t e c t o n i c  p red i c t i ons .  Ear th  Planet.  S c i .  Le t t .  31, 85-94. 

Cooper, A.F. 1974: Mul t iphase deformation and i t s  r e l a t i o n s h i p  t o  
metamorphic c r y s t a l l  i s a t i o n  a t  Haast River, South Westland, New 
Zealand. N.Z. J I .  Geol. Geophys. 17, 855-880. 

Coward, M. P. 1976: Archaean deformation pa t te rns  i n  southern A f r i ca .  Phi I .  
Trans. R. SOC. Lond. A. 283, 313-331. 

Coward, M. P., Francis, P. W. , Graham, R. H., Myers, J.  S. & Watson, J. 
1969: Remnants of an e a r l y  metasedimentary assemblage i n  t h e  Lewisian 
complex of t h e  Outer Hebrides. Proc. Geol. Assoc. 80, 387-408. 

Coward, M. P., Francis, P. W., Graham, R. H. 8 Watson, J. 1970: Large sca le  
Laxford ian s t r u c t u r e s  of t h e  Outer Hebrides i n  r e l a t i o n  t o  those of 
t h e  S c o t t i s h  mainland. Tectonophysics IO, 425-435. 

Das, S. 8 Aki, K. 1977: F a u l t  plane w i t h  b a r r i e r s :  a v e r s a t i l e  ei 
model. J. Geophys. Res. 82, 5658-5670. 

Eaton, J. P., Lee, W. H. K. & Pakiser, L. C. 1970: The use o f  microearth-  
quakes i n  t h e  study o f  t h e  mechanism of earthquake generat ion a long 
t h e  San Andreas F a u l t  i n  C a l i f o r n i a .  Tectonophysics 9, 259-282. 

E l l i o t ,  D. 1973: D i f f u s i o n  flow laws i n  metamorphic rocks. B u l l .  geol. 
SOC. Am. 84, 2645-2664. 

E l l i o t ,  D. 1976: The energy balance and deformation mechanisms of  t h r u s t  
sheets. P h i l .  Trans. R. SOC. Lond. A. 283, 289-312. 

Escher, A. 8 Watterson, J. 1974: 
shortening. Tectonophysii 

Evison, F. F. 1971: Se ismic i ty  o 
"Recent Crusta l  Movements 

Fleming, C. A. 1970: The Mesomii 
o f  t h e  c i rcum-Paci f ic  mob 
125-70. 

FI inn, D. 1961: Cont inuat ion  of ' 

Nature 191, 589-591. 



Fl inn ,  D. 1977: Transcurrent  f a u l t s  and associated c a t a c l a s i s  i n  Shetland. 
J I .  Geol. SOC. Lond. 133, 231-248. 

Francis, P. W. & Sibson, R. H. IS 
R. G. 8 Tarney, J. (ed.), . I ~ V S  cai I Y  r r e ~ a ~ r  iari uF Scot 
r e l a t e d  rocks of Greenland', Univ. of Keeie, 95-104. 

)73: The Outer Hebrides Tt 
,TI.^ c--,.. n _^^^_  $..-:-- ^, 

>rust ,  i n  Park, 
land and 

Gabites, J. E. & Adams, C. J. D. ( i n  p ress) :  Excess radiogenic argon and 
age o f  metamorphism and u p l i f t  i n  t h e  Haast Schists,  Haast Pass, 
Lakes Wanaka and Hawea, South Island, New Zealand. Proc. I n te rn .  
rnnf Cnnrhmn C n c m r h m n  R. Icntnnn C n n l  A i m  107R Snnwrnilcc 

es - 
iviesuLuic-LenuzoiC mirs ' .  M. wencer  (eo.,. beui. JOG. Lunu. w e c .  
Publ. 3, 387-416. 

Grocott, J. 1977: The r e l a t i o n s h i p  between Precambrian shear b e l t s  and 
modern f a u l t  systems. J I .  Geol. SOC. Lond. 133, 257-262. 

Higgins, M. W .  1971: C a t a c l a s t i c  Rocks. U. S. Geol. Surv. Prof.  Paper 6 187 

Jackson, R. E. & Dunn, D,E. 1974:Experimental s l i d i n g  f r i c t i o n  and c a t a c l a s i s  
of f o l i a t e d  rocks. I n s t .  J. Rock Mech. Min. Sc i .  I I ,  235-249. 

Kerr ich,  R., Beckinsale, R. D. & Durham, J. J. 1977: The t r a n s l t i o n  between 
deformation regimes dominated by i n t e r c r y s t a l l i n e  d i f f u s i o n  and 
i n t r a c r y s t a i l i n e  creep evaluated by oxygen isotope thermometry. 
Tectonophysics 38, 241-257. 

Lensen, G. J. 1968: Ana lys is  o f  progressive f a u l t  displacement du r ing  
dqwncutt ing a t  t h e  Branch R ive r  terraces,  South Island, New Zealand. 

301.  SOC. Am. B u l l .  79, 545-546. 

. J. 1971: Phases, na ture  and ra tes  o f  e a r t h  deformatlon. I n  
decent Crusta l  Movements', R. SOC. N.Z. B u l l .  9, 97-105. 

Waiohine R ive r  f a u l t e d  t e r r  
, R. SOC. N.Z. Bu l l .  9, 117 

ace sequence. 
- I  19. 

MCLlav. K. I Y I I :  r ressu re  s o l u t i o n  and Coble creeD i n  rocks and minerals:  ~. . I .  

a review. J I .  Geol. SOC. Lond. 134, 57-75. 

Miyashiro, A. 1973: Metamorphlsm and Metamorphic Be l t s .  AI-len 
Lond., 492 pp. 

& Unwin, 

Molnar, P., Atwater, T., Mammerickx, J. 8 Smith, S. M. 1975: Magnetic 
anomalies, bathymetry and t h e  t e c t o n i c  e v o l u t i o n  of t h e  South P a c i f i c  
s ince+he La te  Cretaceous. ' Geophys. J .  R. a s t r .  SOC. 40, 383-420. 

Moore, J. McM. ( i n  p ress) :  Tectonics of t h e  Najd Transcurrent  F a u l t  System, 
Saudi Arabia. J I .  Geol. SOC. Lond. 

289 



14 

Ramsay, J. G. 8 Graham, R. H. 1970: S t r a i n  v a r i a t i o n  i n  shear b e l t s .  
Can. J I .  Ear th  Sci. 7, 786-813. 

Reed, J. J. 1964: Mylonites, c a t a c l a s i t e s  and associated rocks along t h e  
A lp ine  Faul t ,  South Island, New Zealand. N.Z. J I .  Geol. Geophys. 7, 
654-684. 

Rutter ,  E. H. 1976: The k i n e t i c s  of rock  deformat ion by pressure so lu t i on .  
P h i l .  Trans. R. SOC. Lond. A. 283, 203-219. 

Rutter ,  E. H. 8 Mainprice, D. H. 1978: The e f f e c t  of water on s t r e s s  re lax-  
a t i o n  of f a u l t e d  and un fau l ted  sandstone. Pure Appl. Geophys. 116, 
634-654. 

Rynn. J. M. W .  8 Scholz, C. H. 1978: Seismotectonics of t h e  Ar thur ' s  Pass 
region, South Island, New Zealand. Geol. SOC. Am. B u l l .  89, 1373-1388. 

Scholz, C. H., Beavan, J. 8 Hanks, T. C. ( i n  press) :  Metamorphism, argon 
deple t ion,  heat flow and s t ress  on t h e  A lp ine  Fau l t .  J. Geophys. Res. 

Scholz, C. H., Rynn, J. M. W . ,  Weed, R. W. 8 Froh l i ch ,  C. 1973: De ta i led  
se i sm ic i t y  of t h e  A lp ine  F a u l t  Zone and F io rd land  region, New Zealand. 
GeoI .  SOC. Am. B u l l .  84, 3297-3316. 

Secor, D. T. 1969: Mechanics o f  na tu ra l  ex tens ion f r a c t u r i n g  a t  depth i n  
t h e  ea r th ' s  c rus t .  Can. GeoI .  Survey, Paper 68-52, 3-48. 

Sheppard, D. S., Adams, C. J. D. 8 Bird,  G. W. 1975: Age of metamorphism 
and u p l i f t  i n  t h e  A lp ine  Sch i s t  Be l t ,  New Zealand. G e o i .  SOC. Am. 
Bu l l .  86, 1147-1153. 

Sibson, R. H. 1974: F r i c t i o n a l  c o n s t r a i n t s  on t h r u s t ,  wrench and normal 
f a u l t s .  Nature Phys. Sci. 249, 542-543. 

Sibson, R. H. 1975: Generation of pseudotachylyte by anc ient  seismic f a u l t i n g .  
Geophys. J. R. as t r .  SOC. 43, 775-794. 

Sibson, R. H. 1976: The Outer Hebrides Thrust: i t s  s t ruc tu re ,  metamorphism 
and deformat ion environment. Unpubl. Ph.D. thes ls ,  Univ. o f  London, 254 pp. 

Sibson, R. H. 1977a: F a u l t  rocks and f a u l t  mechanisms. J I .  Geol. SOC. Lond. 
133, 191-213. 

Sibson, R. H. 1977b: K i n e t i c  shear resistance, f l u i d  pressures and r a d i a t i o n  
e f f i c i e n c y  dur ing  seismic f a u l t i n g .  Pure Appl. Geophys. 115, 387-400. 

Sibson, R. H., White, S. H. 8 Atkinson, B. K. ( i n  press):  Fau l t  rock d i s t r i b -  
u t i o n  and s t r u c t u r e  w i t h i n  t h e  A lp ine  F a u l t  Zone: a p re l im ina ry  account. 
R. SOC. N.Z. Bu l l .  

Suggate, R. P. 1963: The A lp ine  Faul t .  Trans. R. SOC. N.Z. (Geol.) 2, 105-129. 

Turner, F. J. 1968: Metamrphic  Pet ro logy:  minera log ica l  and f i e l d  aspects. 
McGraw H i l l ,  N.Y., 403 pp. 

290 



Wa 101 u t i o n  of 

Wallace, K. ti. IY IO:  r a r T l a l  fus ion a long Tne A lp ine  i-ault  Zone, New 
Zealand. Geol. SOC. Am. B u l l .  87, 1225-1228. 

Zone a t  depth. Geophys. Res. Le t t .  5, 741-747. 
Wang, C., Lin, W. 8 Wu. F. T. 1978: C o n s t i t u t i o n  of t h e  San And u l t  

Wellman, H. W. 1956: S t r u c t u r a l  o u t l i n e  o f  New Zealand. N.Z. Dept. Sci.  
Industr .  Res. B u l l .  121. 

White, S. H. 1976: The 
and deformation 
A 283, 69-86. 

e f f e c t s  of s t r a i n  on t h e  m ic ros t ruc i  
mechanisms i n  q u a r t z i t e s .  P h i l .  Trc 

Winkler, H. G. F. 1974: Petrogenesis of Metamorphic Rocks. 
Springer-Verlag, N.Y., 320 pp. 

Wu, F. T.. B i a t t n e r .  L. a Roberson. H. 1975: Clav aouaes i r  , -  - 
f a u l t  system and t h e i r  posL ib le  imp l ica t ions .  Pure 
113, 87-95. 

-ures, f a b r i c s  
Ins. R. SOC. Lond. 

3 rd  edn., 

I t h e  San Andreas 
Appl. Geophys. 

29 1 



16 

Fig .  I - 
Fig. 2 - 
Fig.  3 - 
Fig. 4 - 

F ig .  5 - 

Fig. 6 - 

Fig.  7 - 

Fig. 8 - 

Fig. 9 - 
Fig. I O  - 

Fig. l i  - 
Table i - 

FIGURE CAPTIONS 

Methodology for  evo l v ing  conceptual models o f  f a u l t  zones. 

Stressfl ime r e l a t i o n s h i p s  i n  and around f a u l t  zones. 

Textura l  c l a s s i f i c a t i o n  o f  f a u l t  rocks ( a f t e r  Sibson, 1977a 

Map and schematic c ross  sec t i on  of t h e  Outer Hebrides Thrus 
zone i n  eastern Nor th  U i s t  ( a f t e r  Sibson, i977a).  

The A ip ine  F a u l t  Zone: sampling l o c a l i t i e s  ( a f t e r  Sibson e t  
a l .  - i n  press) .  

Schematic composite sec t i on  through t h e  A lp ine  Fau l t  Zone 
( a f t e r  Sibson e t  a l .  - i n  p ress) .  

Es tab l ished pseudotachylyte l o c a l i t i e s  a long t h e  A lp ine  Fau l t  
Zone ( a f t e r  Sibson e t  a l .  - i n  press) .  

L inea t i on  plunge d i r e c t i o n s  and earthquake S I  i p- vec tors  ( a f t e r  
Walcott, 1978) i n  t h e  A lp ine  F a u l t  System. (Note - a l l  l i n e a t i o n s  
a r e  pene t ra t i ve  s t r e t c h i n g  l i n e a t i o n s  i n  d u c t i l e  mylonites, apa r t  
from t h a t  associated w i t h  t h e  White Creek F a u l t  which i s  a f a u l t  
sur face  s t r i a t i o n ) ( a f t e r  Sibson e t  a l .  - i n  p ress) .  Data 
q u a l i t y :  A A C - wel l  c l us te red  measurements; B 8 D - poor l y  
c l u s t e r e d  measurements; E - I measurement on l y .  

General model for  a f a u l t  zone i n  quar tzo- fe ldspath ic  c r u s t .  

F a u l t  rocks, metamorphic environment and dominant quar tz  defor-  
mation mechanism for  steady aseismic shear across a f a u l t  zone 
i n  quar tzo- fe ldspath ic  c r u s t .  

Evo lu t ionary  m d e l  f o r  a I- s t rand reverse f a u l t  zone. 

Fau l t  rocks and s t y l e  of f a u l t i n g  i n  t h e  Outer Hebrides Thrus t  
Zone ( a f t e r  Sibson, 1977a). 

292 



c, 
Y 
a 
m 
Y- 

Y- 
0 

UI 
c al 
-0 z 
Y 
m 
3 
c, 
9. 
al u 
S 
0 u 

L 
0 v- 

MICROSTRUCTURE 

STYLE OF FAULTING AND TEXTURE 
OF FAULT ROCKS 

I 
MINERAL 

DEFORWTION 

MECHANISMS 

I 
MACROSCOPIC 

FAULT 
MECHANISMS 

FAULT ROCK 
MINERALOGY 

D I S T R I B U T I O N  OF FAULT ROCK 
TYPES I N  A MAJOR FAULT ZONE 
(usually w i t h  a component 

of reverse d i p- s l i p )  

I 
METAMORPHIC 
ENVIRONMENT 

CONCEPTUAL MODEL OF A MAJOR FAULT ZONE 



18 

Fig.2 - Stress/Time relationships i n  and around f a u l t  zones. 
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Fig .3  - Textural c l a s s i f i c a t i o n  o f  f a u l t  rocks ( a f t e r  Sibson, 1977a). 
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Fig.8 - Lineation plunge directions and earthquake sl ip-vectors ( a f t e r  
Walcott, 1978) i n  the Alpine Fault  System. (Note - a l l  l ineat ions  
are penetrative s t re tching l ineat ions  i n  duct i le  rnylonites, a p a r t  
from t h a t  associated w i t h  the White Creek F a u l t  which i s  a f a u l t  
surface s t r i a t i o n )  Data quali ty:  A & C - well clustered measure- 
ments; B & D - poorly clustered measurements; E - one measurement 
only ( a f t e r  Sibson e t  a l .  - i n  press) .  
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Fig.10 - Fau l t  rocks, metamorphic environment and dominant quartz deformation 

mechanism f o r  steady aseismic shear across a f a u l t  zone i n  quartzo- 
fe ldspathic crust .  
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TABLE 1 - Fau l t  rocks and s t y l e  o f  f a u l t i n g  i n  the Outer Hebrides 
Thrust zone ( a f t e r  Sibson, 1977a). 

Style  of Faul~ting Fault Rocks 


